Purpose: We propose a new motion tracking method that encodes an object's position information using tagging magnetic resonance (MR) images as digital codes, and we assess the method's feasibility in stationary and moving phantoms. The encoding and decoding of tag patterns employ principles of spread spectrum communication.
Introduction
The tagging cine magnetic resonance (MR) imaging method is commonly used for the comprehensive and noninvasive evaluation of motion of the myocardium, 1 and the spatial modulation of magnetization (SPAMM) method is a common approach for this technique. 2 The method and its variant are used to evaluate cerebrospinal fluid (CSF) flow and brain motion in addition to motion of the myocar-dial wall. [3] [4] [5] Post-processing algorithms, some of which are published, 6, 7 are also important in analyzing tagged patterns.
We propose a new motion tracking method that uses a tag pattern to code an object's position information on a pixel-by-pixel basis, 8 and we test the method in a phantom experiment. Our technique for position coding is based on spread spectrum communication, which is widely used for digital wireless communications. By performing encoding and decoding using a pseudo noise code, spread spectrum communications have high interference resistance in low quality transmission chan-nels. 9 We apply the spread spectrum communication technique to tagging MR images by regarding the tag patterns as digital codes. We assess whether the proposed method can specify an object's position information with high precision by the simple process of calculating correlation coefficients in cine MR images with low signal-to-noise (SNR) and contrast-to-noise (CNR) ratios.
Materials and Methods

Theory
In the spread spectrum communication technique, a narrow band signal is modulated to a broad band signal, transmitted using a pseudo noise code, and demodulated into the original narrow band signal by a receiver. This system has high resistance to interference signals in low quality transmission channels. One pseudo noise code used for spread spectrum communications is the M-sequence; 10, 11 we used a 7-bit M-sequence in this study. Figure 1a shows an example of the M-sequence that consists of a 7-bit code word. In common tag patterns, regions of high signal and of low signal were repeated periodically. When the seventh channel of the M-sequence shown in Fig. 1a was omitted, each row of the resulting table exhibited a periodic pattern ( Fig. 1b) . Therefore, we employed 7 SPAMM tag patterns for this study. Tag Patterns #1 to #7 shown in Fig. 1b were generated by adjusting the flip angle and phase of the RF pulses and the gradient magnetic field strength. Because of its randomness, the M-sequence has high autocorrelation and minimum cross-correlation. Thus, information encoded by the specific code word can only be decoded using the same code word, which can be identified by calculating the correlation coefficients. As an example, Equation [1] calculates the autocorrelation coefficient of ch1 to ch1, which consists of high/low/low/high/low/high/high signal in order. Equation [2] calculates the correlation coefficient of ch1 to ch2. In this way, M-sequence code words have minimum cross-correlation and high autocorrelation. Figure 1c shows the relationship of correlation coefficients for every channel. 
In this study, the principles of encoding and decoding of spread spectrum communication are embedded in an MR image using a tag pattern, and detection of the position information of an object is considered. Figure 2 shows the image acquisition scheme of the proposed method. First, cine images of a section are acquired with 7 types of tag patterns that are equivalent to a 7-bit M-sequence. Because each cine image is synchronized to electrocardiography (ECG), 7 images of the same cardiac phase are obtained. When a region of low signal in which a tag exists is given the value-1 and a region of high signal in which there is no tag is given the value 1 in the obtained image, a sequence of those values from an identical position in the 7 images can be considered as a 7-bit M-sequence code word. Thus, a 7-bit M-sequence code is encoded by the pixel values of the tagging cine image.
The tag pattern is marked on the object and moves with the object. Because cine MR images are synchronized to ECG, the 7 images of the same cardiac phase show identical motion, and the M-sequence code word is maintained for all cardiac phases. Thus, the position of the tagged object can be identified by calculating the correlation coefficient between the pixel values of the 7 images and the Msequence used for encoding. This procedure can be considered a decoding of the pixel values of tagging cine images with a 7-bit M-sequence code to obtain the object's motion. The proposed method requires a simple calculation of correlation coefficients to detect the object's position information and does not necessitate image processing with lattice pattern fitting.
When the object moves in an area less than the size of a single pixel, 2 M-sequence codes are mixed in a pixel. With those 2 codes, the pixel provides high coefficients, and position information with sub-pixel resolution can be obtained from the mixture ratio of the codes. Thus, the proposed method has a potential to assess motion information in subpixel resolution. Figure 1d shows an example of the correlation coefficient when the encoded code moves one-fourth of the pixels with respect to the position of the image matrix. In this case, the highest and second highest correlation coefficients have mixed ratios that correspond linearly to the amount of sub-pixel motion.
To demonstrate the performance of the proposed method, we conducted a verification experiment using stationary and moving phantoms. To evaluate the method's basic theory, we chose a sinusoidal motion in one dimension for the moving phantom experiment. The coding procedure of the M-sequence and tag patterns were also one dimension in the direction of motion.
MR imaging
All experiments were conducted on a 1.5-tesla MR imaging system (MAGNETOM Vision, Siemens Medical Solutions, Erlangen, Germany) equipped with a single-channel head coil. MR imaging was performed using a segmented fast low angle shot (FLASH) cine sequence with SPAMM preparation pulses. The sequence parameters of the segmented FLASH cine imaging were: field of view (FOV), 256 mm © 160 mm; matrix, 256 © 160 (pixel size, 1.0 mm © 1.0 mm); slice thickness, 5.0 mm; repeti- tion time (TR), 72 ms; echo time (TE), 6.1 ms; flip angle, 20°; segment number, 5; and bandwidth, 195 Hz/pixel. The number of cine phases was 33, which was achieved using the shared echo technique, and the temporal resolution of a reconstructed image was 36 ms. A synchronization signal was generated every 1000 ms from the moving phantom, and cine imaging was triggered on every second synchronization signal.
The 7-bit M-sequence code words were generated by 7 SPAMM tag patterns (Fig. 1b ). The 7 tag patterns were divided into 3 types with cycle lengths of 2, 6, and 3 pixels. These 3 tag configurations correspond to 2-, 6-, and 3-mm spaces. Table shows the SPAMM preparation pulses. A SPAMM preparation pulse consisted of 4 RF pulses taking 7.0 ms and created 3 tag pattern configurations by changing the flip angle and phase of each RF pulse. Based on these 3 tag configurations, we generated the 7 tag patterns by shifting all phases of 4 RF pulses of the SPAMM preparation pulse to meet the positional relationships shown in Fig. 1b . Before acquisition of experimental data, the tag position was tuned relative to the pixel position by gradually shifting the tag patterns and checking the obtained tag contrast, since the tag position relative to the pixel position plays an important role in clear encoding of tag position in the proposed method.
We acquired images by the following procedures. First, we used the proposed method to obtain cine images of the stationary phantom to assess the method's accuracy in identifying M-sequence channels from tagging images. Images with the average of 7 acquisitions using Tag Patterns #1 and #3 were obtained for comparison with the proposed method. Then, the segmented cine images without tagging pulses were acquired from the moving phantom to verify the phantom's motion. Next, we acquired cine images of the moving phantom using the proposed method to evaluate the method's ability to track phantom motion. Finally, we obtained images from the stationary phantom with the 7 tag patterns shifted by one-twelfth the size of a pixel to assess the performance of the proposed method for determining position information in sub-pixel resolution.
Phantom
By using a spherical joint and sliding rail, the rotation of a motor outside the magnetic field was turned into single-axis motion and the sinusoidal motion of the moving phantom was generated. The spherical joint was adjusted manually to set the amplitude of sinusoidal motion in the moving state to approximately «3 or «6 mm. The phantom consisted of 2 cylindrical glass containers of 35-mm inner diameter containing agar and 0.1 mmol of gadodiamide (Omniscan)-doped agar. The T 1 relaxation time of the agar at 1.5 T was 2390 ms and of the gadodiamide-doped agar, 235.0 ms. Figure 3h shows the arrangement of the phantom and direction of sinusoidal motion.
Analysis of tagging images
In the proposed method, pixel position is determined by an analysis based on the correlation coefficient with each M-sequence code. The correlation coefficients ) i between the signal intensities of acquired images and the 7-bit M-sequence codes used in this experiment are calculated by
where S j (1¯j¯7) are a series of signal intensities obtained from a pixel of interest in the 7 images, and L ij (1¯i¯6, 1¯j¯7) are the M-sequence code used for encoding. The maximum ) i (i = 1, 2, . . . , 6) determines which L i is chosen as the code applicable to the pixel position. Signal intensities of each pixel are used directly to calculate the correlation coefficient in Eq. [3] . The depth of signal intensity in a region of low signal reduces with T 1 relaxation, and images lose tag contrast as the cine phase progresses. However, the best code that gives the maximum correlation coefficient does not change as long as the rank of signal intensities among the 7 images remains. In this way, the advantage of spread spectrum communication in a transmission channel with low SNR is translated into tagging MR images.
For comparison, we also conducted tag analysis based on signal strength on the images acquired from the stationary phantom. In order to carry out an unbiased assessment of tag recognition in images that were losing tag contrast due to T 1 relaxation, tag patterns were binarized using Otsu's simple method 12 and the results were compared with those of the proposed method. MATLAB R2007 (MathWorks, Massachusetts, USA) was used for the data analysis of tagging images. Calculation time of the proposed method to analyze 231 images consisting of 33 phases and 7 tag patterns was 15.6 seconds using a PC with 2.83 GHz Core2Duo processor (Intel, California, USA). Figure 3 shows MR images of the stationary phantom at the first cine phase with 7 tag patterns. Clear contrast between the regions of low and high signal is observed because these images were obtained immediately after the tagging pulses. Images in Fig. 3b , f, and g show a repeated pattern of tags with a narrow band of low signal and a band of high signal that is twice as thick, but the locations of the tags vary. Images in Fig. 3c, d , and e show the same tag patterns at different locations. To observe the reduction of tag contrast as the cine phase progresses, a horizontal strip on the long T 1 or the short T 1 phantom was extracted from each cine im-age and arranged from the first phase at the top to the last phase at the bottom. Figure 4a was generated from the extracted strip at the center of the long T 1 phantom in cine images with Tag Pattern #1. The location of the extracted strip is indicated as the line a-aA in Fig. 3h , which has a length of 30 mm from the 91st pixel to the 120th pixel in the horizontal direction. Images in Fig. 4b and c are the same kinds of images generated from the cine images of 7 average acquisitions with Tag Patterns #1 and #3. The tag contrast becomes unclear with the progression of the cine phases. Whereas tags are partially submerged under the noise level after the 20th phase in Fig. 4a , tag patterns can be identified visually up to the last phase in the images in Fig. 4b and c. The images in Fig. 4d , e, and f are binarized images produced from Fig. 4a, b , and c. In Fig. 4d , classification errors of tag patterns occur after the 15th phase and become common after the 25th phase. On the other hand, tag patterns can generally be distinguished until the last phase in Fig. 4e and f. Figure 4g shows the results of the proposed method. The gray scale of 6 degrees in Fig. 4g represents the 6 codes from ch1 to ch6, and the tag positions can be successfully decoded using the M-sequence code word. The ability to identify pixel position was comparable between the proposed method and the conventional method using 7 average acquisitions.
Results
Images in Fig. 5a, b , and c show the temporal change of tag contrast in the short T 1 phantom. The images are generated from a strip in the cine images of the single average with Tag Pattern #1 ( Fig. 5a ), the average of 7 acquisitions with Tag Pattern #1 (Fig. 5b) , and the average of 7 acquisitions with Tag Pattern #3 (Fig. 5c ). The location of the extracted strip is indicated as line b-bA in Fig.  3h , which has a length of 30 mm from the 131st pixel to the 160th pixel in the horizontal direction. As the cine phase progresses, tags lose their contrast rapidly and disappear under the noise level after the 10th (Fig. 5a ), 12th (Fig. 5b) , and 14th (Fig. 5c ) phases. The binarized images produced from Fig. 5a , b, and c are shown in Fig. 5d , e, and f. In the short T 1 phantom, classification failure of the tag becomes common after the 10th (Fig.  5d ), 13th (Fig. 5e ), and 15th (Fig. 5f ) phases. The results of the proposed method shown in Fig. 5g generally demonstrate successful decoding of tag positions up to the 14th phase. Decoding errors occurred after the 15th phase, results comparable with those using the conventional method. Figure 6 shows the tagging cine images obtained from the moving phantom and the results of tag positions assessed with the proposed method. Horizontal strips across the long T 1 and short T 1 phantoms at the center of the acquired cine images and the decoding results from the proposed method were arranged with the first phase at the top and the last phase at the bottom. The motion of the phantom can be easily observed in addition to the reduction of tag contrast in these images. Images in Fig. 6a to c show the results of the motion phantom with sinusoidal amplitudes of «3 mm and those in Fig. 6e to g, those of «6 mm. Figure 6a and e are the trace of the moving phantom depicted with Tag Pattern #1 and Fig. 6b and f, that with Tag Pattern #3. Figure 6c and g show the results of tag positions analyzed with the proposed method. In each case, the long T 1 phantom is on the left and the short T 1 phantom is on the right. Though the images obtained with Tag Pattern #3 in Fig. 6b and f show a gradual reduction of tag contrast as the cine phase progresses, the images obtained with Tag Pattern #1 in Fig. 6a and e have a curious appearance. The tags disappear and then regain contrast in subsequent phases. In Fig. 6a , for example, the tag contrast of the short T 1 phantom almost fades out at the third phase but has recovered by the fourth or fifth phase. Careful inspection of Fig. 6a and e reveals such incidents occur several times in both short T 1 and long T 1 phantoms simultaneously. This phenomenon can be explained by the motion-induced change of the tag position relative to the pixel position. Images in Fig. 6c and g show the results of motion analysis using the proposed method for the moving phantom with sinusoidal amplitudes of «3 and «6 mm. In the long T 1 phantom, the pixel positions are successfully decoded for motions with amplitude of both «3 and «6 mm up to the last phase with a few decoding errors, particularly at the pixel on the edge. Though the motion analysis fails after the 13th phase, the proposed method can correctly decode the position of most pixels up to the tenth phase with pixelsized resolution in the short T 1 phantom.
Images in Fig. 6d and h compare the trace of pixel size analysis with that of sub-pixel analysis. A sinusoidal curve was approximated from the trace of the moving phantom and defined as the theoretical trace. We analyzed pixel position in two different ways with the proposed method. One was the pixel size analysis in which pixel position was defined as the position of the pixel that provided the largest coefficient. This approach presented discrete results of the pixel position in pixel-size resolution. The other way was sub-pixel analysis. In this analysis, we considered that two adjacent code words mixed in a pixel. The first code word was determined to provide the largest coefficient. Among its neighboring codes, the second code that provided larger coefficient was chosen. Then the pixel position was defined as the linearly interpolated position of those adjacent code words using 2 coefficients. The pixel positions determined with pixel Fig. 6d and h .
Though the results of the proposed method using pixel size analysis and sub-pixel analysis correspond well with the theoretical trace, the plots obtained with the pixel size analysis are discrete in Fig. 6 . The differences in positions due to the discreteness are particularly recognized in locations near the positive and negative peaks of the sinusoidal motion, where changes of phantom position are small. The results of sub-pixel analysis are close to the theoretical trace even in locations near the positive and negative peaks of the sinusoidal motion. Figure 7 shows the results of sub-pixel analysis for the images obtained with 7 tag patterns shifted by one-twelfth the pixel size, i.e., 1/12 mm, and those results are compared with the theoretical trace. The results of sub-pixel analysis are represented by open circles " " and the theoretical trace, by open squares " ". The pixel positions determined by the sub-pixel analysis corresponded well with the theoretical trace between the pixel positions of 2-and 10-twelfths. However, the results of sub-pixel analysis shifted from the theoretical trace on both ends of the graph.
Discussion
From the results shown in Figs. 4 and 5 , the ability to identify pixel position was comparable between the proposed method and the conventional 7-average image for both long T 1 and short T 1 phantoms. In the moving phantom experiment, the proposed method successfully decoded the tag position on a pixel-by-pixel basis until the 13th phase for a short T 1 phantom. Although a conventional tagging image with a 6-mm tag width also showed the motion of the short T 1 phantom until the 13th phase, the spatial resolution for motion detection was much lower than that of the proposed method. On the other hand, a conventional tagging image with a 2-mm tag width provided the same spatial resolution for motion detection as the proposed method, but the tag contrast disappeared rapidly.
In the images in Fig. 6a and e, the tag contrast of the images with narrow tag showed an important phenomenon that can be explained by the relationship between tag location and pixel location. The widths of the regions of low and high signal in Tag Pattern #1 are 1 mm, the same size as a pixel. In the phases when tag contrast faded out, the motion of the phantom caused the tag to overlap the adjacent pixel, which led to an apparent loss of contrast. The tag contrast disappears completely when the amount of overlap is half of the pixel size. This relationship between tag and pixel locations theoretically applies to the changes of tag width in the images obtained with Tag Pattern #3, in which the widths of the regions of low and high signal are 3 mm. The alterations of tag width, however, are not obvious in Fig. 6b and f, potentially as a result of the blunted edge of the tag profile caused by broadening of the tag width.
One important advantage of the proposed method is that the position decoding is very simple and can be completed without such manual operations as extraction of the target object and detection of the tag pattern. When the correlation coefficients for the background region and the 6 code words were assessed, the maximum correlation coefficient was close to the second highest correlation coefficient. Pixels that provide such nonspecific results for the correlation coefficients with the 6 code words in early cine phases with a clear tag pattern can be determined to be in the background region. On the other hand, separation of the stationary and moving objects is also easy. Because the proposed method encodes the position of each pixel, comparison of the decoding result of each pixel with its original position automatically discriminates moving pixels from stationary pixels.
For a given pixel size, the finest cycle length of tag pattern is determined by the Nyquist frequency, which is twice as large as the pixel size. The tag pattern shown in images in Fig. 6a and e corresponds to this case. Thus, motion detection with pixel-size spatial resolution as demonstrated in this study with the proposed method can also be accomplished using tagging MR imaging with conventional methods of tag analysis. When the motion velocity of an object is large and the displacement of a tag during an interval of cine MR imaging exceeds the cycle length of the tag pattern, conventional methods of tag analysis may fail to determine the true motion of the tag because of aliasing. However, because the tag position is classified into 6 groups with pixel-size resolution in the proposed method, such aliasing only happens when displacement of the tag exceeds the length of 6 pixels.
The sharpness of the tag pattern and positions of the tag are the key features of the proposed method that allow it to achieve better results. As the edges of the tag pattern become duller, the difference between the correlation coefficient with the correct code and those coefficients with other code decreases, which results in decoding errors. We used the tag patterns shown in Fig. 3a to g in this study, but optimization of tag shape might improve the results. Concerning tag position, it is essential to keep the exact relationship for tag patterns from #1 to #7 shown in Fig. 1b so that the proposed method achieves its theoretical performance. Shift of one of the tag patterns from #1 to #7 by a small amount (within the length of the pixel width) will be a potential source of decoding error; thus, the proposed method requires extremely high precision in positional relationships between tag patterns. In the experiment with the moving phantom, Tag Pattern #1 showed a transient disappearance of tag contrast. Though the motion-induced shift of tag position relative to pixel position is responsible for this phenomenon, the preservation of the positional relationship between tag patterns resulted in the successful decoding of tag position. Other factors can induce a shift of tag position, including a frequency shift of RF pulses in SPAMM preparation, a difference in the gradient magnetic fields used for tagging and image acquisition, or unwanted instabilities. If the edge of a tag generated by the SPAMM preparation pulses is located at the center of a pixel, Tag Pattern #1 would disappear even at the very beginning cine phase. As the edge of a tag moves to the pixel edge exactly in this case, tag patterns would reappear. When the original position of a tag generated by the SPAMM preparation pulses relative to pixel position is known and the relationship of tag patterns fulfills the condition in Fig. 1b , the tag position is correctly decoded and its motion can be identified. Thus, the critical point in the proposed method concerning tag position is not the position relative to the pixel position but rather the positional relationship between tag patterns.
From another viewpoint, this aspect of the proposed method leads to its feasibility for identifying the pixel position in sub-pixel resolution. When the coded pixel moves to an intermediate position between the edges of an imaged pixel, the imaged pixel potentially has mixed correlation coefficients with two adjacent code words. The ratio of those two correlation coefficients represents the position of the coded pixel. Though the sub-pixel analysis successfully identified the fine position of the coded pixel (Fig. 7) , some errors were detected, particularly near 0-or 12-twelfths, where the tag position coincides with pixel position. In such condition, lack of sharpness of the tag edge affects the calculation of correlation coefficients to determine the fine position and is potentially responsible for those errors. Although an ideal shape of tag pattern is required to detect the pixel position for more exact sub-pixel resolution, detailed motion analysis can be expected with images of even lower spatial resolution by using the proposed method.
A clear limitation of the proposed method is the requirement of multiple image acquisitions. Because the number of image acquisitions required for the method is equal to the number of encoding bits, we performed 7 image acquisitions to implement the spread spectrum communication technique with 7bit M-sequences in the case presented in this study. Though the use of fewer encoding bits accelerates image acquisition, the difference between the correlation coefficient with the correct code and the coefficients with other codes decreases, which leads to decoding errors. Moreover, extension of the proposed method to 2 dimensions requires more encoding bits and more image acquisitions. Because the proposed method uses known tag patterns, compressed sensing techniques based on known data can be combined to accelerate the completion of scans. 13, 14 For clinical application, the number of encoding bits should be carefully chosen depending on the purpose of motion analysis and acceptable imaging time.
Conclusions
In this study, we applied a spread spectrum communication technique to tagging MR images. The spread spectrum pseudo noise code we used was a 7-bit M-sequence and the proposed method required seven acquisitions with seven tag patterns for encoding pixel position. For the stationary phantom, the proposed method showed the same ability to identify pixel position as the conventional tagging method using improved SNR images with the average of 7 acquisitions. The proposed method successfully decoded pixel position on a pixel-bypixel basis for the moving phantom. In addition, the phantom study demonstrated the feasibility of the method for detecting pixel position in sub-pixel resolution. In the proposed method, the assessment of the tagging image is very easy, and the simple calculation of correlation coefficients with encoded code words automatically detects motion and discriminates moving pixels from stationary pixels or background. Another advantage of the proposed method is its potential to identify pixel position in sub-pixel resolution. Because the proposed method requires multiple image acquisitions, it cannot necessarily be applied to a clinical examination immediately. However, the concept that a tagging pattern is regarded as a digital code opens new strategies to tagging MR imaging.
